Abstract-An analysis is presented for the conversion loss and noise of microwave and millimeter-wave mixers.
Practical developments in the design of mixers and mixer diodes have resulted in a number of commonly used designs whose conversion loss and noise figure are often within a few decibels of the theoretical best values predicted for idealized switching mixers. This paper and its companion paper (Part 2) attempt to close the gap between theory and practice.
Following
Torrey and Whitmer's original work, the assumption of a sinusoidal local oscillator (LO) voltage across an exponential resistive diode was often used, with its implicit assumption that the diode was short-circuited at all harmonics of the LO. The effects of the parasitic series resistance and capacitance (assumed constant) of the mixer diode were investigated using approximate methods by
Shm-pless [2], Messenger and McCoy [3], Mania and Stracca
[4], and Kerr [5] ; and a new and intuitive approach to mixer analysis was taken by Barber [6] , who approximated the diode by a switch whose pulse-duty ratio determined the conversion properties of the mixer. However, all these approaches required simplifying assumptions about the termination of higher order sidebands and ignored the effects of the nonlinear diode capacitance. Agreement between theory and experiment was at best within a few decibels in conversion loss and noise figure.
An important workbySaleh [7] in1971 studied the effects of local oscillator waveforms and higher order sideband 
where coP is the LO frequency. 
(8a)
where Vp and P'dcare the LO and de-bias voltages, respectively. The frequency dependence of R, is due to skin effect and is discussed in Section V. Having determined the LO waveforms at the diode, (3)- (7) give i,(t), g,(t), and %?j(t). These maybe expressed as Using this notation the elements of Y are given by [1], [17] Ymn= Gm.n i-j(coo + mp)Cm.n (17) To determine the port impedance ZM, defined in and Z' matrices will be implied.
B. Conversion Loss
The conversion loss of a mixer = Power available from source Z,l
Power delivered to load 2.0 "
For the purposes of analysis L may be expressed as the product of three separate loss components: 
and Power available from 2., K1 = Power available from (Zgl + R,l)
K. and K1 account for loss in the series resistance at the IF and signal frequencies, while L is the conversion loss of the intrinsic mixer with no series resistance. Using (22) and (16) 
IV. MIXER NOISE
The sources of noise in a Schottky diode are 1) thermal noise in the series resistance, 2) shot noise generated by current flow across the barrier, and 3) noise due to phonon scattering and, in gallium arsenide, intervalley scattering [22] . In room-temperature mixers shot and thermal noise predominate, with scattering noise contributing typically only 5-10 percent to the overall mixer noise, as is shown in Part 2 of this paper. We have not attempted an exact analysis of scattering noise but assume that it can be approximated by an increase in the noise temperature of the series resistance.
The equivalent circuit of the diode including noise sources is shown connected to the embedding network in Fig. 3(a) . 
where Z. is the output impedance of the intrinsic diode as defined in Fig. 2 . The shot-noise current source
A. Shot Noise
The diode shot noise given by (28) First, we shall consider the unmodulated shot-noise current to be composed of pseudosinusoidal currents [18] , [19] 2ifl~~exp [j(coO + rnco,)t + jr#J at each of the sideband frequencies co~= coO+ mmP,m = O, t 1, """. + W. All other frequency components of the noise can be disregarded since they cannot contribute to the IF output of the mixer. Next, consider each of the currents &Psm to be modulated by the local oscillator (COP), generating modulation products at all the frequencies mm + ncoP,n=O, +1, t2, ".., +m, which are the sideband frequencies co~+.. The modulation products are present at the terminals of the intrinsic diode and will be converted to the output frequency as described by 
The square mat rix {d~s MJ > is known as the correlation matrix for the mixer, since the (m,n) element describes the correlation between the components of shot noise at sideband frequencies Om and co.. Dragone 
B, Thermal Noise
It was shown above ((27) and Fig. 3 ) that the thermal noise generated in the series resistance of the diode can be regarded as a noise current source~across the terminals of the intrinsic diode.
Since R, is assumed to be time-invariant, down-converted thermal noise will have no correlated components;
quasisinusoidal components bIj-~at the sideband frequencies o.)# ve rise to an output voltage (using (16)) al',, = 20 N',
where 6FT = ["., hI~l, i51~0, 61\_,, "" "]T, and ZO is a row of the matrix 2'.
Taking the ensemble average of 16V~O[z gives
The square matrix (d~~d?;) is again the correlation matrix the noiseless mixer must be heated in order to deliver to the where the shot and thermal noise correlation matrices <6T' d~~) and (fi~T d~~) are given by (31) and (34). It is assumed here that the effects of scattering noise are fairly small and are equivalent to a small increase in the value of the equivalent noise temperature of the diode series resistance T,~in (27) and (34). The magnitude of this increase can be estimated from the current waveform of the pumped diode and from measurements on the dc biased diode, as
A. Series Resistance
There are three effects which cause the series resistance R, of a diode to differ from the value determined from the dc log I-V curve. These are 1) thermal time-constants in the diode, 2) RF skin effect in the diode material, and 3) the voltage dependence of the depletion-layer width. It has been shown by Decker and Weinreb [20] that the incremental junction resistance of a diode, measured at a described in Part 2 of this paper.
The equivalent input noise temperature TM of a two- 
The second term on the RHS of (39) is the (negative) component of the low-frequency junction resistance which results from the diode temperature varying in phase with the test signal. At higher frequencies, above about 10 MHz for our 2.5-~m GaAs diodes, thermal time constants in the diode prevent its temperature from varying appreciably and only the term rhfis measured. It follows that the value of the series resistance R, deduced from the dc log I-V curve is lower than the true constant temperature value which would be observed at microwave frequencies.
For our millimeterwave diodes the error in R, is 1-3 Q [20] , [23] .
The RF skin effect contributes an additional resistance R,,in in series with the diode. R,kin is proportional to @ and can be estimated if the diode geometry and resistivity are known [24] . The diode contact wire is also likely to have a significant skin resistance, which should be included in R,~in. For our 2.5-pm GaAs diodes R,kinis 2-3 !2 at 100 GHz.
The width of the depletion layer in a diode depends on the junction voltage and, therefore, the component of series resistance contributed by the undepleted epitaxial material will also be voltage-dependent.
In the present paper we have assumed that this voltage dependence has negligible effect on the performance of the mixer.
B. Junction Capacitance
The simple diode capacitance law, (5), is derived in many texts [21] for planar diodes. If the doping profile at the barrier (or junction) is uniform or linear with distance, the exponent y has the value~or~, respectively. However, for the very small diameter diodes used at millimeter wavelengths the assumption of a planar device is no longer valid: fringing effects at the edge of the depletion layer are significant and the shape of the depletion layer is voltagedependent [21] . The simple capacitance law, (5), can still be used provided the exponent y is allowed to be voltage dependent, i.e., y~y(vj).
VI. APPLICATION TO PRACTICAL MIXERS
The mixer analysis presented in the preceding sections assumes a knowledge of the diode and embedding impedance at all harmonics of the LO and at all the sideband frequencies 00 + k~,, k = O, f 1, i-2,~~~, i m. In practice the number of frequencies which can be considered is limited by the ability to make meaningful measurements or calculations of the embedding impedance beyond some frequency limit, and by the size of complex matrix which can be inverted by available computers. [2]
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[11] noise sources. Experimental methods for determining these input quantities are described in Sections 11 and 111. The mixer analysis is described in Section IV and typical sets of theoretical and measured results are shown to be in good agreement. Section V discusses the sources of mixer noise and loss, and small-signal power flow in the mixer.
The mixer used for these experiments is the roomtemperature 80-120-GHz mixer described in [3] and is shown here in Fig. 1 . It uses a 2.5-~m-diameter GaAs Schottky diode in a quarter-height waveguide mount. The diode was made by Professor R. J. Mattauch at the University of Virginia.
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